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1. Introduction
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The subject contract directs Weston Observatory per- }

sonnel to support and assist AFGL f~rsonnel in establishing g

R I T R o i i

. and maintaining and evaluating the MAGAF network of geo-
magnetic observatories. The location of the network and

the observatory configuration have been fully described in

a prior report (5). Now that the observatories are in

2 e e

e

operation, the current task is the maintenance of the net-
work, of a magneti~ observatory and a test coil facility

at Weston, with the obligation to continually evaluate all
the components in both the network and observatory in order
to improve the reliability and accuracy of the data. This

report very briefly summarizes the efforts to upgrade the

ot VKb e d 1 I, 15w mastont L d L

instrumentation at the network stations and to develop a

methodology for calibrating the network magnetometers.

ki iate s L B

2. The Magnetic Observatory and the Test Coil Facility

et e Lt el dnrih

There has been little change in the operation of the

maghetic observatory from the conditions reported in a

2 Sk e hstalad 25

prior report (5). We consider the Rubidium total field
magnetometer to be the principal observatory instrument.
since its visual recorder gives an instantaneous picturé
of the varying magnetic field. The output of the Rubidium
total field magnetometer is the Larmor precessional fre-

85

quency of the Rb > atom which is proportional to the

s ar ik it}

magnitude oxi the existing magnetic field. For the past
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12 years.we have been printing this frequency every ten
minutes or every minute during magnetically disturbed
periods. As a result of the modification detailed in
Fig. 1, the actual value of the field in gammas is now
printed. Without talculation the field change in gammas
is immediately available.

In an effort to reduce expenses, the speed of the
stripchart recorder to the total field magnetometer was
reduced by 75%. This speed is still adequate to give a
good vigual picture of the changing field.

A decrease in the magnitude of the total magnetic
field was previously reported (5). At that time we were
not sure that the effect was not due to instrume.ital
effects combined with changes in the location of the ‘
sensor. The decrease in the magnitude of the total field
is real. Since December 1976, the gradient between Pier A
(a proton precession magnetometer) and Pier B (the Rubi-
dium sensor) has remained constant at 96 + 1 gammas. Thus
the changing field is not due to instrumental drift of
the Rabidium sensor.

This decrease has now been documented for the past
five yeafs. Each day, seven values of the total field,
centered on magnetic midnight, are averaged. Apart from
magnetic Storm time, magnetic midnight is the least dis-
turbed time of day. Table 1 and Fig. 2 display the aver-

age magnetic midnight value for each month in the period

2
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1974-1978. In constructing Table 1, the value of thne
recording Rubidiuvm magrnetometer has been reduced to Pier A
since this is the pier on which 'absolute' values are
measured.

The decrease was discussed with Dr. Leroy Alldredge of
the U.S. Geological Survey during the IAGA mee*ting in
Seattle, August 1977. Subsequently, he forwarded a preprint
of a research note in which he has documented decreases in
the vertical field component at Agincourt, Canada; Fredricks-
burg, Va.; and San Juan, Puerto Rico. Between 1970 and
1975 the decrease has been 120 gammas/year at Puerto Rico
and nearly 110 gamas/year at Fredricksburg. At Weston,
the average décrease in the vertical component is being
offset by a slow increase in the ho:izontal component of
about 40 gammas/yeer. It is Alldredge's contention that
we are observing a regional and rapid change feature of the
Secular variation.

AFGL personnel continue to use the Test Coil Facility,
but there has been neither time nor funds to do more than

maintain the facility.

3. Support of Project MAGAF

The installation of the MAGAF magnetic observatories
in Florida and California was completed in the early stages
of this contract. Now the contractual obligations are to

assist AFGL personnel in maintaining the observatcries in

3
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operating condition and to upgrade, where nossible, the in- 3
strumentation in order to insure a continuous flow of high

quality data to the computer facility at AFGL. If a fail-

‘ ure at any observatory occurs, the normal operational pro- .

RTINS NE T TR
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- cedure is to dispatch personnel to the station and to attempt

to repair the failed unit at the site. If this cannot be

il RS
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done in reasonable time, the unit is replaced and shipped

P T

to Weston. When repair is complete the unit is tested at

SR L et

; ' the Sudbury site and is then available as a replacement

unit. Rather than detail the cperational problems at each

ol ol st oML ] i e it

site, we will discuss the bacic prcblems which have arisen

and the measures taken to forestall their recurrances.

3.1 Generic Station Improvements

e e adas

The trailers in Michigan, Wisconsin and California

were tied down to prevent movement in high winds. 1Initial-

TP NP REVNI P

ly only the trailers in South Dakota and Florida were so
anchored. Screw-in guy anchors and 1/4" aluminum guy wires
were attached to each corner of the trailer.

The original cables from the fluxgate sensors to the

trailers attracted rodents and additionally may not have

‘been fully waterproofed. All these cables have been re-

ke i ot vt e Ao - e s b4 e B L s

where tie cables enter the trailer and the sensor shelter

ok At o 2t~ bl Gl o Bl st e St E 24 et Mt AW &

placed with new and heavier waterproofed cables. The ports )

were provided with screening to keep out rodents. There

has been no rodent or water seepage problem.
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The new cable because of its different impedance
necassitated phasing adjustments. The second harmonic
frequency output of the magnetometer must be matched in

. frequency with the square wave jenerator which triggers
the measurement time. If this synchronization is not
exact, there will be an error in the measurement of the

magnetic field componert. This notion of synchronization

is shown in Fig. 3, and the error produced by lack of
S pnasing (lag or lead of signal with square wave) is shown

: in Fig. 4. The reason why the vertical component is so

different from the horizontals is simply not known.

Initially the attempt was made to control the tempera-

Lo s e

ture in the trailers by means of an air-conditioner which

s e v

; had both cooling and heating capability. This was unsuc-

cessful particularly in the winter. 1500 watt space

heaters have been installed and these are barely adequate,

SRR LT, T

but they are the maxima that can be used with the present

voltage inputs to the trailers. Temperature sensors, both

e AL i

external and internal to the trailers have been added and

these temperatures are transmitted to AFGL as part of the

normal station data frame.
High quality shipping packages have been ::'ocured
i * for the instruments and their associated electronics. The

original wooden boxes rapidly deteriorated with constant

useage. The new packaging is made of fiberglass with foam

interiors.

(8,
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3.2 7The Fluxgate Magnetometers

Inadequate cooling capacity in the electronics package
led to instabilities due to overheating. More powerful
fans were installed and additional holes drilled in the
metal case to insure adequate air circulation.

A 5 volt power supply capacitor deteriorated with long
useage. This element has Lk2en replaced by a more reliable
unit with a life expectancy of 10 years (according to the
manufacturer). The entire power supply is being evaluated
with the prospect of eventual replacement.

The DAC (digital to analog converter) is perhaps the
most important element in the fluxgate system because it
determines the flow of current which corresponds to the
value of the prevailing magnetic field. The signal from a
fluxgate sensor is a DC level which is proportional to the
external magnetic field along the axis of the sensor and is
fedback to null this external field. This may be termed
the coarse section. The fine section nulls out a field of
only +64 gammas. If the field rises (or falls) above (or
below) this level (+64 gammas) a comparator circuit detects
an offscale condition. The DAC uses the sign of the com-
parator and delivers feedback current in the form of 64
gamma increments to the coarse winding. The up-down count-
er will stop when output of the fine section is within its
linear dynamic range of 64 gammas. The analog fine voltage

is read out on the front panel and also delivered to the

-
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DCP control and stcrage unit. The coarse reading (an 11 bit
digital word) is delivered to the DCP and is also converted
to digital display on the front panel. The changes in scale
were not smooth. In the plotted output, this has led to
steplike jumps in the field values. Two problems were
detected, one in the wire-wound potentiometer which controls
the coarse section current and hence the baseline about
which the variations of the magnetic field are measured.
With time the potentiometer became unreliable due to wear

or even due to rough handling in transit. When the potentio-
meter was replaced with a new cermet potentiometer the set-
tings were stable and the transitions through scale changes
were far smoother. There was a second steplike change
introduced during the zero to minus one coarse step (coarse
reading 0, fine reading -64). The problem was traced to

the DAC and may be caused by the two's complement logic

used in the DAC and its adjacent circuitry. The original
Burr Brown DAC45CBl is no longer on the market. An equiva-
lent DAC with identical pin positions is the DAC1136K from
Analog Devices, Inc. This has proved to be more reliable
and is being installed in all components of the network.
A comparative test is described in Appendix A. The com-
bined change of potentiometer and DAC has reduced the pro-

blems associated with scale changes.
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3.3 Leveling the Fluxgate Magnetometers

In the processing of testing the fluxgate magnetometers {
before they were deployed, it became evident that there §

were problems with very exact leveling of the sensors and

possibly with departures from orthogonality. There were j
relatively insensitive levels on the instrument platforms, ]

but when the instrument was rotated 180°, the field values

were not the same. To study the problem of leveling, two
Berger vials (model 1800-30) were installed. The bubble i
levels are made of non-magnetic materials and have an ;
alcohol base fluid. The calibration marks on the glass 3

vials represent an increment of 30 seconds of arc. The

orientation of the levels is shown in Figure 5.

The purpose of the leveling procedure is to make the
X sensor (north-south) and the Y sensor (East-West) level
in the horizontal plane. The sensor is placed in its
normal orientation (+X in N-S and Y=0) on pier "A". The ;

X field value is recorded. A pencil line is drawn on tie

surface of the pier using a side of the platform as a
straightedge. The sensor is then rotated 180° so that the
opposite edge of the sensor is aligned with the pencil line.
The ¥ field value 1s recorded. (It is now a negative value).
The absolute values of the two readings are averaged. The %
N-S thumb screws are adjusted until the X reading is close dé
to this averaged value. The level bubble is then adjusted

by means of the adjustment on the vial assembly to indicate
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a 'level' condition. This procedure of 180° rotation,
averagirg and level calibration is repeated until the
nositive X value and the negative X value are with 1 to

2 gammas of each other. The procedure for Y level adjust-
mer:it is the same except that the Y axis is placed N-S

and the X axis E-W. It is generally possible to achieve
satisfactory (within 2 gammas) agreement between positive
and negative magnitude in 4 to 6 rotations.

The procedure is carried out in the existing magnetic
field which is continuously changing. A two component
horizontal Schonstedt fluxgate magnetometer operates
continuously on a nearby pier so that the changing field
is monitored during the leveling process. Ideally the
output of both the Schonstedt and the sensor being tested
should be recorded on the same graph, but we do not as yet
have a suitable recorder. Once leveled, the sensors were
considered calibrated if they gave the same values és the
Schoenstedt, apart from pier differences.

The vertical component of the fluxgate.magnetometer'
was checked by calculating the total field value from the
three comporients and comparing this value with the magni-
tude of the total field as recorded by a proton precession
magnetometer. In general, the results were comparable,
but by no means exact. This led to consideration of

orthogonality since the calculation of the total field

value is based on that assumption.

9
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3.4 Orthogonality of the Fluugate Sensors

When the instruments were manufactured, tests of

: i orthogorality were performed in the precision coil facility
E.,

' at the NASA Ames Research Center (6). There were departures
from orthogonality, but well with the specification: "the

3 sensors shall be aligned to within +.5 degree of ortho-

gonal" (6). Our tests indicated that larger departures
may exist. It is impossible to test optically the ortho-
gonality of the sensors because they are encased in a
potting compound. Differential stresses due to the aging

of the compound may have changed the orientation of the

sensors. Rough handling in transit could also alter the
original orientation of the sensors.

.Departures from orthogonality can cause larg2 errors
in measurement of the components. For example, an error
in the alignment of the vertical sensor may be estimated

Aby (4) -AH=AFcosI-AI FsinI
AZ=AFsinI+AI FcosI
"If F is constant, the departure from vertical orthogonality
; ~may be considered a variation of the inclination, AI. Then
, AH=-AI Fsinl
| AZ= AI Fcosl
Assuming a departure of 0.5° (5.73 x 10”3 radians), the

actual specifications of the manufacturer (6), AH=-448 gam-

mas and AZ=146 gammas for a total field magnitude of 54000

gammas and an inclination of 72°. Small departures from

10
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orthogonality are a source of discrepancy between measured
and standard values and of the variations of measurement
by different instruments. The relationships which may be
used to studyvthe effects of non-orthogonality on all the
components of the magnetic field are given by Wienert %7).

The evaluation of the non-orthogonality must be made
in the existing magnetic field, hence the changes in the
field must be accurately recorded during the test period.
A two component Schonstedt horizontal fluxgate and the
total field magnetometer recording at the same rate shéuld
be sufficient to detail the field chanves. Then given a
turn-table whose rotation can be known to 20 ééconds of
arc and on which the sensor may be mounted and accurately
leveled, the table would be rotated through 360° and the
component values read at five positions 30° apart. On
the supposition that the sansors are not orthogonal,
orthogonal North (X) and East (Y) components are calculated
from the non-orthogonal measurements (A,B) by (Fig. 6)

X=(Acosb - Bsina)/cos (a-b)
Y=(Asinb - Bcosa) /cos (a-b)

The four unknowns may be determined by a least squares
solutions. The true horizontal component can then be
determined for any measurement of X and Y from

2_y2,v2

H=X“4+Y“~2XYco0s80

where 6=a+bh, © expressing the departure from orthogonality

in the horizontal plane. Note that the leveling procedure

11
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previously described, only insures that the sensors are
in the horizontal plane.

Similar equations may be used to determine the departure
“from orthOgonality of the vertical sensor.

After the departures from orthogonality are known it is
still possible tﬁaﬁ the measurements may not conform to the
standard values on the Weston pier. The procedure presup-
posed that there is perfect aligﬁment of the sensors with
the external mafkings on the instrument case.

In summary we determine angles © and @ which allows us

2,,2

to calculate the actual horizontal component H§=x +Y“-2XYcos6,

2_,2 .2 .
and then z =2 +H_-2Z H_cosg. Only with these values of Hy

and z, canwe calculate the magnitude of the total field from

R SN .

3.5 Calibration of the Fluxgate Magnetometer

By calibration we mean comparison with standards of
magnetic field measurements. Once the orthogonality or
departure from orthogonality is known, the total horizontal
component measured by a fluxgate may be compared with the
observatory standard of the horizontal component, the QHM.
The QHM is used to determine the baseline of the horizontal
Ruska variometer which records continuously and whose compo-
nent value is referred to the pier on which the fluxgate is
being run. Knowing the orthogonality condition of the

vertical fluxgate sensor we can compare its value with that

12
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of the Ruska variometer. The fluxgate magnefomete: should
be run for several days so that a statistical measure of
comparison may be developed, i.e. how well the fluxgate
magnetometer replicates the standard values.

Becéuse of inherent uncertainty in the variometer
readings, the rms value of the total field will be at least
+6 gammas., To improve the calibration of the fluxgate we
are attempting to convert the total field vapor magnetometer
to an automatic standard magnetic observatory (2). Then
a comparison could be made by means of digitized data and
thus reduce the uncgrtainty arising from scaling of the
Ruska magnetograms.

Fundamentally, the fluxgate magnetometers are not

designed to be 'absolute instruments' (l1). There are two

factors presently unknown; the drift with time of the

sensor and associated eléctronics and the temperature re-
sponse of the sensors. The manufacturer's specification

of stability is .5 gammas/1000 hours. To our knowledge,
this drift has not been checked. After the fluxgate
instruments are calibréted at Weston, their stability at

a site may be checked by references to standards at the
site. The U.S.G.S. Geomagnetic Branch uses a proton
precession magnetometer in conjunction with a theodolite
magnetometer which simultaneously measures declination and
inclination. AFGL scientists are acquiring similar instru-

mentation. At each visit to a site these measurements

13
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can be madé to check the stability of ti:e fluxgate. But
there is the additional problem of the secular change of
thé magnetic field. At Weston the total field is decreas-
ing rapidly (Table 1); the horizontal compénent is in-
creasing while the vertical component is decreasing. The
secular change is quite variable with location (3). It
will require considerable care to separate stability of
instrumentation from secular change.

The manufacturer describes 'a wide range of temperature
sensitivity in scale factors,... the exact cause of the
temperature variance was not found' (6). John Wood, U.S.G.S.
Geomagnetics Branch, Denver, has compared the fluxgate
records at Newport, WA., with the U.S.G.S. variometers at
that site. He detects variations which, he says, are

typically due to temperature variation at the sensor. At

.present there is excellent control of and a continuous

record of the temperature within the ﬁrailers. But the
temperature within the sensor shelter is unknown. Addition-
al insulation and thermostatic control of the temperature

is planned for the instrument shelters. Continued compari-
son at Newport and Sudbury of fluxgates aud variometers

may lead to knowledge and control of the variation of the

sensors with temperature.

3.6 The Induction Coil Magnetome “ers

The sensors and associated electronics are the product

14
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of Geotronics, Inc., of Austin, Texas. The most serious
problem was failure during the occurrence of thunderstorms.
Apart from one incident, the failure has not been catastro-
phic. In general, the failures of various componehts have
been due to voltage sﬁrges or voltage dropouts, most pro-
bably secondary ones, but certainly associated with light-
ning. A number of changes have been made to protect the
equipment. |

1) The original 709A operational ampiifiers were re-

. Placed with a premium Burr Brown 3522 unit. However these

new units cost about $25 apiece. It was then found that
continual operation and lightning protection was as good
with an inexpensive Fairchild 741 operational amplifier at

a cost of $0.60 per unit. All of the 48 original amplifiers

- have been replaced with this unit.

2) All AC inputs are now guarded by.a GE VSP-1 volt-
age spike protector to prevent entrance of transients which
had been causing power supply failures. Since the instal-
lation of the VSP-1 units, there have been no supply fail-
ures.

3) The +17 voltApower supply outputs are now protected
Ly 18 volt varistors which limit power supply surges. Pre-
viously 20 volt zener diodes had givea protection to the
electronics, bﬁt as a result of absorbing the surge, shorted
out, leaving the entire circuit inoperable. The varistors

offer non-destructive protection. Fig. 7 schematically
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shows these changes.

4) Transients in the sensor to amplifier lines have
caused failures of the chopper transitor. Back to back
high quality zener diodes are being installed to block the
surges.

S) An associated problem was the failure of the low
voltage chopper.driver when the AC wvoltage fell to less
than 55 volts. The driver requires full voltage to re-
start and when the line voltage gradually returned, the
driver failed~to operate. We have installed time delay
relays which prevent line voltage being applied to the
driver until one minute after power drop out. A weakness
of this method is that the drop out must be longer than
100 ms. However, drop outs of durations shorter than this

are statistically very small.

4. Conclusion

The MAGAF network of seven geomagnetic observatories

has operated successfully during the year. The Sudbury site

has often been used “or the testing of repaired magneto-

meters.

Fér the most part. failures have been promptly cor-
rected, since the common modes of failure are known. Know-
ledge of the individsal components has grown with each
failure and complete replacement or failure-prone parts

has proceeded as rar as financially possible.
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In the final year of this contract we viaw the up-
grading of the instrumencation as the prime task. PRut
there is, as /ell, the problem of the calibration of the
fluxgate magnetometers so that there may be & substaatial
contribution from the MAGAF network to the MAGSAT program.
In September of 1979 NASA will launch a low orbital satel-
lite with the express purpose of determining a better model
of the earth's magnetic field. NASA has requested the
cooperation of all magnetic observatories in contributing
the absolute values of the magnetic field components at as
many sites as possible on the earth's surface. Properly
calibrated, the MAGAF network can make a considerable con-
tribution since there are now so few geomagnetic observa-

tories withain the continental United States.
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] Appendix A :
E A
; The procedure to check the performance of the DAC is i
£ 1
E as follows. A meter, a Keithley model 610B electrometer i
3 with a Hewlett-Packard 3467B DVM, is placed in series with 'g
i the offset coil. The LH2311D up-down comparator is re- 3
g moved ffom the offset board. An external clock control is j
! ]
4 added, aliowing the cperator to stop, start or speed up §
|
i the clock. The operator sets the DAC to the desired levels i
? by manipulating these external clock controls. Table A-1 }
¢ i
: shows a set of test values for fluxgate 005 with different i
| DACS in each channel. %
i
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1
1
' 2 X Y ‘
-F - - {
640 1.05 x 1072 1.01 x 107 1.03 x 1072 |
576 9.47 x 10 9.12 x 10 9.30 x 10 :
512 8.43 8.10 8.27 i
443 7.37 7.08 7.23
384 6.33 6.07 6.20
320 5.27 5.05 5.17
256 4.22 4.03 4.13
192 3.16 3.02 3.10 )
128 2.11 _g 2-01 _g 2:06 -6 ;
64 1.05 x 10 1.00 x 10 1.04 x 10 {
0 0 g O s 9 -6 i
-64 . -1.58 x 10 ° -1.09 x 10 ° -1.03 x 10 i
-128 -2.64 -2.11 -2.07 i
-192 -3.70 -3.12 -3.10 3
-256 -4.75 -4.13 -4.13 ’
-320 -5.80 -5.15 -5.17
-384 -6.87 ~6.16 -6.20 4
-448 -7.93 -7.16 -7.23 | j
-512 -8.99 _¢ ~8:19  _ . -8.28 . ﬂ
| -576 -9.99 x 10_; -9.22 x 10_, -9.32 x 10_; :
; -640 -1.10 x 10" > -1.02 x 10~ > -1.03 x 10 i
i |
EA
Table A-1l

V is the gamma value read on the front panel coarse setting.

Z 1is the current in amperes in the 2 channel controlled by
a used DAC45 and wire-wound potentiometer.

b e st £kt il s

X 1is the current in amperes in the X channel controlled by j
a previously unused DAC45 and wire-wound potentiometer.

Y 1is the current in amperes in the Y channel controlled by
a new DACl136 with a new cermet potentiometer.
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Showing .the Alignment of the Phase
Shift Network Output Voltage Nodes
with the 2f, Reference Signal

Fig. 3
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| TRANSIENT PROTECTION OF |
R GEOTRONICS POWER SUPPLY .

+17 vdc

-|7vdc

VRiI - GE-MOV-VSP-| transient suppressor
VR2,VR3 - GE I8ZA3 Varistors

Fig. 7

Relationship of Nonorthogonal to
Orthogonal Components

X

a
-

Fig. 6
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